To ensure the structural safety and reliability of coal mine rescue capsule in disastrous surroundings after gas explosion, in this paper, the thermomechanical coupling effect on a certain structure subjected to gas explosion was analyzed, and then a novel rescue capsule with a combination of radius and square features was designed according to the underground surroundings and relevant regulations on mine rescue devices. Foremost, the coupling mechanism of thermal-fluid-solid interaction between gas explosion shock wave and rescue capsule and the thermal dynamic response of the capsule subjected to explosion load of gas/air mixture was investigated and revealed by employing LS-DYNA. The variation laws and characteristics of stress field, displacement field, and temperature field of the capsule were analyzed based on the simulation results. Results show that the structural safety, tightness, and reliability of the capsule meet the requirements of the national safety regulations. The design method presented in this work provides a new thought for design of coal mine rescue capsule.
Introduction
Refuge capsule, the "Noah's Ark" for underground coal mine, could decrease the death rate in a gas explosion accident to a large extent, which has become one of the "six systems" for underground coal mine safety production at home and abroad [1, 2] . Up till now, refuge capsule has been widely produced and applied in the domestic and foreign coal mines enterprises [3] . Nowadays, China, Australia, South Africa, and Canada have made severer safety policies and corresponding standards for refuge capsule [4] [5] [6] . However, it remains a mystery whether the structural safety and stability of the refuge capsule could be ensured in a disastrous environment. Moreover, how to guarantee the antiknock performance and high temperature resistance of refuge capsule in the rescue process [7] ? Therefore, it is of great significance to conduct analysis and simulation evaluation for the antiknock performance and high temperature resistance of a refuge capsule.
The rescue process cannot make progress if the structural parameters of the refuge capsule was designed poorly and would lead to local or global failure once the gas/dust explosion occurs. Consequently, it is necessary for developers to perform accurate analysis and assessment for the antiknock performance and high temperature resistance of a refuge capsule. Nowadays, many researchers have analyzed the shock load and failure mechanism for a capsule by theoretical analysis, experimental investigation, and numerical simulation. Fang et al. [8] studied the workload for a capsule through numerical simulation and got the form of load 2 Shock and Vibration exerted on the airtight blast door. Richard Liew and Chen [9] validated that ALE algorithm can be used for solving the interaction between fluid and structure by grid optimization. Hou et al. [10] analyzed the parameters of the different shape of the capsule, such as the volume, stress, and maximum deformation using numerical calculation. Xu and Hu [11] , Fan [12] , and Guo et al. [13] tested the antiknock performance of the rescue capsule in a full-size tunnel, and the stress and displacement value of the measured points on surface of the capsule were obtained. Theoretical analysis is a rather difficult methodology for the thermomechanical analysis of rescue capsule because of too many hypotheses and conditions, causing assignable errors easily. Meanwhile, physical experiment especially antiknock performance on rescue capsule is a time-consuming, high-cost, and dangerous approach and cannot be repeated. Numerical simulation provides an effective method for antiknock analysis of the rescue capsule. Some scholars have discussed the dynamic response of rescue capsule under different forms of explosive load, such as the equivalent triangular wave [14] [15] [16] [17] [18] and trapezoidal wave [19] , even impulsive load [20] . Those simplified studies had saved too much computational cost while ignoring the fluidsolid coupling process between explosion shock wave and the structure. At the same time, there were scholars who employed TNT equivalent method [21] [22] [23] to interpret fluidstructure interaction process; worse still, the TNT equivalent method would be affected greatly by pressure rise rate and duration time. In fact, the high temperature and high pressure gas produced after gas explosion interacts with the capsule are a thermohydromechanical coupling process; however, the studies described above have ignored the heat exchange in the process shock wave interaction with the capsule.
Moreover, there were few researches about thermal-fluidsolid coupling analysis on the three types of load explosion and thermal and shock loads that interact with a structure in the existing registration, especially the thermal dynamic response of some complicated structures, such as rescue capsule or refuge chamber. Li [24] and Du [25] conducted the antiknock and transient thermal analysis for a capsule using decoupling method, but ignoring the thermomechanical coupling effect. Fang et al. [26] established the buckling equation of stiffened cylindrical shell under axial load, and they studied the influencing factors by using hybrid method. Fang et al. [27] developed a three-dimensional model of cylindrical shell capsule and carried out the dynamic response analysis under explosion load. Liu [28] investigated the thickness of thermal insulation layer, position of tunnel, and the fixed way on the insulation effect of the capsule by Fluent. Bai [29] discussed the high temperature impact resistance of the capsule using a thermal analysis module in ABAQUS, and the variation laws of temperature on outer surface, thermal insulation layer, and inner surface were simulated and deduced. Song and Ge [30] built a composite metal cabin and studied its dynamic response under axial blast loading. However, the numerical simulation studies mentioned above have analyzed the stress and deformation characteristics of the capsule under a single load but could not reflect the effect of the gas explosion on the capsule and the fluid-structure interaction. In this work, the theory of thermal-stress coupling effect of the gas explosion was put forward, and ALE coupling algorithm was applied to reveal the heat flux of gas explosion shock wave and capsulesolid coupling theory; what is more, the thermodynamic response rescue was calculated to evaluate the structural safety and dynamic response of a capsule, which will provide a guidance for safety design of coal mine rescue devices.
The Theory of Thermal Force Coupling Effect under Gas Explosion Load
Gas explosion is a transient and nonlinear release process, influenced by the driving force. It takes an important place in structural safety [31] . On the other hand, a relatively high temperature gradient and pressure gradient will emerge after the gas explosion, a large amount of heat energy will be converted and carried by the moving gas, plastic deformation occurs on the structure under the gas explosion overpressure, and dynamic pressure and temperature will interact with the explosion field. Therefore, the effect of gas explosion shock wave and structure is actually a heat-flowsolid coupling process driven by thermomechanical effect [32] . Impacted by the load produced by gas explosion, a higher pressure occurs on the structure under dynamic load. The solid material presents the mechanical properties of fluid in case of ignoring the higher order ratio of material strength and the pressure. However, the strength effect will be strengthened once the high unloading pressure is too small. Hence, in the calculation process, governing equations of fluid dynamics are not only essential but also the elastic and plastic strength of the material. Therefore, the theoretical model of thermomechanical coupling for gas explosion is mainly composed of the fluid dynamics equation, the state equation, and the elastoplastic constitutive relations. The Lagrange expressions for continuity equation, motion equation, and energy equation are as follows:
where is density, is temperature, is ratio of internal energy, is thermal conductivity, is time, is velocity, is acceleration of gravity, and is total stress tensor. Considering the thermomechanical coupling effect of gas explosion, it is necessary to introduce a Fourier heat conduction factor. Since the material of the capsule is isotropic, therefore it follows the law of Friye's conduction:
where is per unit area of heat flux. is temperature, is thermal conductivity, and the minus sign refers to heat transfer along the direction of hot zone to the cold region. Volume deformation will occur on a structure if impacted by gas explosion shock wave, and the volume deformation is correlated with temperature, pressure, and internal energy.
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Large deformation will occur on a structure under blast load, and the material will enter into the phase of plastic flow quickly. Thermoviscoplastic constitutive relation is a kind of plastic constitutive relation, which has considered the plastic strain hardening, plastic strain rate hardening, and temperature softening. Here Johnson-Cook model is employed to describe the state of flow stress, which can be stated as follows:
where 0 is the static yield strength,
Moreover, in the compressible fluid elastic plastic model, when a structure was impacted by gas explosion shock wave, heat is generated mainly by two parts, one is the plastic shearing action, and the other one is the impact compression. Then (3) can be converted into the following form:
where the first term on the right end is Friye conduction effect and the second and the third are plastic deformation efficacy and impact compression efficacy, respectively. In summary, the state of a structure will change when affected by thermomechanical coupling effect after gas explosion, and the propagation and temperature distribution of shock wave would be affected by the state of the structure; therefore, it is necessary to take into account the influence of thermal shock on the structure once gas explosion happens.
Models and Equations

Model Design and Mesh Generation.
The finite element model of rescue capsule is established on account of the actual structure, relevant regulations, and elastic mechanics. The shape and geometry of rescue capsule are shown in Figure 1 . As it can be seen from the figure, the main portion is composed of two parts: the capsule body and staff capsule. The entity structure, such as flange, hinge, rib, handle, and door, is described with solid element and the skin is characterized by shell element. The total length of the capsule is 10 m, the height, length, and width of the equipment compartment are 2.1 m, 2.8 m, and 1.8 m, respectively, and 2 reinforcing ribs are distributed on four sides of the capsule. The diameter and length of the staff capsule are 1.8 m and 7.2 m. The staff capsule and capsule body are welded together by connecting piece and thus constituting a capsule.
According to some design methods and antiknock regulations about rescue device, the tunnel can be simplified as a semiclosed pipe model. The corresponding size is presented in Figure 2 . As it can be seen from the figure, the tunnel is composed of two parts. The whole length of part 1 (from A to B) is 28 m, which was composed of 200 m 3 gas/air mixture with 9.5% concentration to give rise to a gas explosion, and part 2 (from B to C) is from the end of the gas/air mixture zone to the front face of the capsule, with a length of 100 m. Part 3 (from C to D) is from the front face of the capsule to the exit of the tunnel, with a length of 20 m. It is worth mentioning that the bottom of the capsule is fixed on ground, making a hypothesis that the initial velocity of capsule is zero and the tunnel wall is smooth and rigid. Shell element is described with the tetrahedral element mesh, and the shell element 163 is applied to simulate the shell, mapping mesh is employed to divide each unit cell, and cell size is 0.04 m. Element 164 is used to simulate the capsule door cabin and flange and methane/air mixture. Solid element meshed is characterized with hexahedral mesh, and unit size is 0.1 m. The results are shown in Figure 3 .
Material Model and Equation of
State. The main component of the mixture is methane. It has been proved that if the concentration of methane ranges from 5% to 15% in the premixed gases, a minimal energy will easily trigger a gas explosion. The explosion speed and pressure of methane/air mixture can reach the maximum when the methane concentration reaches about 9.5%.
The air and gas flow state are described by material MAT NULL model in the material database of LS/DYNA and the linear polynomial equation of state EOS LINEAR POLYNOMIAL. The linear polynomial equation of state is expressed as follows:
where is internal energy, 0 ∼ 6 are state parameters of (7), and = / 0 −1. The parameter values of null material model and linear polynomial equation of state are shown in Table 1 . The dynamic process of gas explosion is a typically highstrain rate phenomenon. High-strain rate has a significant influence on the mechanical properties of the material [33] . The yielding strength of a solid material will increase substantially under high-strain rate. Therefore, in this paper, the Johnson-Cook [34] model is applied to simulate the strain characteristics of steel (see (5)), and the mechanical properties of concrete material parameters are shown in Table 2 .
Results and Discussion
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Thermal stress E ff e c t i v e s t r e s s between pressure field shock wave and the capsule, indicating the mutual restriction and mutual influence between explosion flow field and the structure. At the moment of gas explosion, the explosion products were generated under high temperature and pressure and expanded quickly across part 2 to the surface of the capsule. Before the shock wave contacts the capsule, the peak pressure of the incident wave is about 0.328 Mpa (see Figure 4(a) ). However, as the shock wave contacts the capsule, the pressure increase rapidly to a peak pressure of 0.38 Mpa at 293 ms (see Figure 4 (b)) owing to incentive effect and the superposition effect of incident wave and the reflected wave, and a velocity gradient field was produced on the surface and surroundings of the capsule. The peak pressure of shock wave drops rapidly to 0.18 Mpa at 304 ms due to energy absorbed by the capsule and tunnel as well as the multiple reflection and diffraction of shock wave (see Figure 4(c) ). At the moment of 323.94 ms, the peak pressure of the shock wave reduced to about 0.07 Mpa (see Figure 4(d) ). Figure 5 shows the interaction between temperature field of shock wave and rescue capsule, indicating the mutual restriction and mutual influence between temperature field and the structure. At the moment of gas explosion, the explosion products generated under high temperature and pressure and expanded quickly across part 2 to the surface of the capsule. Before the shock wave meets the capsule, the peak temperature value of the incident wave is about 1600 ∘ C (see Figure 5(a) ). As the shock contacts the capsule, the shock wave temperature decreased to about 1200 ∘ C at 293 ms (see Figure 5 (b)) owing to heat conduction and thermal convection, and a temperature gradient field was produced on the surface and surroundings of the capsule. The peak temperature of shock wave drops rapidly to 800 ∘ C at 304 ms due to endothermic effect, with the capsule and tunnel as well as the multiple reflection and diffraction of shock wave (see Figure 5(c) ). At the moment of 323.94 ms, the peak temperature of the shock wave reduced to about 620 ∘ C (see Figure 5(d) ). Figure 6 shows the coupling relationships between the explosion flow field, stress field, and temperature field. Interaction between each field can be expressed as follows: (1) the influence of thermal strain stress field and strain field was induced by temperature variation of gas explosion on stress field and strain field of the capsule. ( 2) The change of gas explosion pressure is caused by the temperature variation of gas explosion, thus directly affecting the interaction between explosion shock wave and the capsule. (3) The energy absorption performance, endothermic effect, and incentive effect of capsule lead to the change of explosion shock wave flow field and temperature field. (4) The influence of the change of the explosion flow field pressure on mechanical deformation of the capsule.
To obtain the pressure distribution characteristics on each side of the capsule, a series of measuring points were selected from the front, side, top, and back surface of the capsule structure. Figure 7 shows the distribution of the measurement points. Figure 8(a) shows the pressure-time curve in different measurement points on the surface. And it can be found that pressure-time curves of each measuring point in the front surface are essentially coincident curves which are basically consistent. At 287 ms time, pressure reaches a peak pressure of 0.73 Mpa. Due to the multiple diffractions and superposition of shock wave, the pressure curve fluctuates many times. Figure 8(b) is the pressure-time curve of measured points on the back face, and it can be seen that the difference of peak pressure is great. The peak pressure value is almost 1/8 of that on the front surface. In this section, the closer it is to the bottom of the capsule, the smaller the peak pressure is. Figures 8(c) and 8(d) capsule, respectively. And it can be found that the pressure changes are almost the same along the longitudinal distance, and the peak pressure attenuates quickly on both sides. Figure 9 shows the stress cloud chart of the capsule at different moments. As it can be seen from Figure 9 , the equivalent stress of the capsule decreases first and then increases gradually with time during the process of shock wave interaction with the capsule. At the moment of 280 ms, the shock wave reaches the surface of the capsule and begins to exert pressure. The equivalent stress on the edge of the impact face of the capsule is small and peak value reaches 235 MPa at 289 ms, however the stress of the side and the top is much smaller. Thereafter, the stress concentration zone begins to spread around, at the moment of 301 ms, the stress concentration area locates in the 4 angles of the impact face, and the maximum equivalent stress reaches 300 MPa.
The Thermodynamic Response of a Rescue Capsule
Stress Filed.
The maximum equivalent stress reaches about 341 MPa at 323 ms but does not exceed material yield strength. In the whole process of the explosion shock wave interaction with the rescue capsule, the strength of the whole structure is in elastic state. Due to the short interaction time between the explosion shock wave and the rescue capsule, the stress concentration and the plastic zone do not lead to the failure of the key components. Figure 10 shows the displacement field of the capsule at different moment. It can be seen that the peak value of displacement decreases with time in the process of shock wave interaction with the capsule. However, the largest deformation part exists in the front surface of the refuge capsule; this can be interpreted that the front surface was subjected to blast load and dynamic pressure as gas explosion occurred. In the whole process of the shock wave acting with the capsule, the largest deformation still occurs on the impact face. At the moment of 289 ms, the maximum displacement of the capsule is about 18.36 mm, which does not exceed the specified limit of deformation. When the peak pressure of the shock wave reaches the maximum, the whole structure and the strength of the main parts are in the elastic state. No local brittle fracture and cracks occur, illustrating that the good sealing of the capsule and the overall stiffness meet the safety requirements. Figure 11 shows the stress-time and displacement-time curves of the largest stress element on the cabin door, emergency door, connecting pieces, and stiffeners, respectively. The maximum equivalent stress and displacement occur on the impact face due to the most intense dynamic response under gas explosion load. The stress and displacement of the escape door at the end of the capsule are relatively small due to the weak dynamic impact load. The maximum equivalent stress of cabin door, emergency door, connecting pieces, and stiffeners does not exceed the material yield strength. Moreover, the residual displacement of capsule of all units is less than limits of 12 mm, which shows that the designed capsule has an excellent antiknock performance under gas explosion load. Figure 12 shows the temperature nephogram of the capsule at different moments, and higher temperature appears on hinge welded between the impact face and the cabin door and reaches about 460 ∘ C in the whole process of shock wave interaction with the capsule; however, the melting point is 1300 ∘ C high; therefore, the sealing performance and variation of stress and displacement between the two sections are less affected by the hinge. The rest of the structure is basically in normal state. Although the gas explosion can quickly reach about 2000 ∘ C, a huge heat amount transfers through flow and heat conduction and heat radiation with the capsule after the explosion. On the one hand, due to the short period between shock wave interactions with rescue capsule, the heat transferred is less. On the other hand, the heat coefficient steel selected in this paper is low, and therefore it is not conducive to heat transfer in a short time. As a result, the temperature changes little owing to the small heating rate. In the whole process, the deformation is reasonable and sealing performance shows a good trend, and thus the temperature on capsule is still in the normal state, which shows that the capsule has a definitely excellent antihigh-temperature performance under gas explosion load and meets the requirement of coal mine safety production.
Displacement Field.
Temperature Field.
Conclusions
(1) The numerical model of capsule, air/gas mixture, and the tunnel was established by using ANSYS/LS-DYNA, and the thermal-fluid-solid coupling mechanism of gas explosion shock wave interaction with rescue capsule was revealed using ALE coupling algorithm.
(2) During the process of gas explosion shock wave interacts with rescue capsule, the peak value of equivalent stress decreases first and increases thereafter. The peak value of displacement decreases against time. The overall structure and the strength of the main parts are still in elastic state.
No brittle fracture appears on the whole capsule, and it is demonstrated that the design, sealing performance, and overall stiffness of the capsule meet the safety requirements.
(3) The fact that the shock wave would be intensified by the obstacle has been confirmed. Due to many diffractions and superpositions of the shock wave, the pressure curve waves many times. The peak pressure value on the back face is nearly 1/8 of that on the front face. The variation laws of pressure on the top and side were basically the same, decrease along the longitudinal distance gradually, the peak pressure of different monitoring points on each decrease rapidly.
(4) In the process of gas explosion shock wave interaction with rescue capsule, higher temperature appears on hinge welded between the impact face and the cabin door, and the rest of the structure was still in normal state. During the whole course, deformation capsule was reasonable and sealing performance showed a good trend, so the temperature rescue cabin is still in the normal state. The capsule has a definitely good anti-high-temperature performance under gas explosion load and meets the requirement of coal mine safety production.
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